We measure the angular clustering of galaxies from the Sloan Digital Sky Survey Data Release 7 in order to probe the spatial distribution of satellite galaxies within their dark matter halos. Specifically, we measure the angular correlation function on very small scales (7 − 320 ) in a range of luminosity threshold samples (absolute r-band magnitudes of -18 up to -21) that are constructed from the subset of SDSS that has been spectroscopically observed more than once (the so-called plate overlap region). We choose to measure angular clustering in this reduced survey footprint in order to minimize the effects of fiber collision incompleteness, which are otherwise substantial on these small scales. We model our clustering measurements using a fully numerical halo model that populates dark matter halos in N-body simulations to create realistic mock galaxy catalogs. The model has free parameters that specify both the number and spatial distribution of galaxies within their host halos. We adopt a flexible density profile for the spatial distribution of satellite galaxies that is similar to the dark matter Navarro-Frenk-White (NFW) profile, except that the inner slope is allowed to vary. We find that the angular clustering of our most luminous samples (M r < -20 and -21) suggests that luminous satellite galaxies have substantially steeper inner density profiles than NFW. Lower luminosity samples are less constraining, however, and are consistent with satellite galaxies having shallow density profiles. Our results confirm the findings of Watson et al. (2012) while using different clustering measurements and modeling methodology.
INTRODUCTION
One of the best statistical tools we have for a understanding the galaxy distribution in the universe is the two-point correlation function of galaxies. On large scales (approximately greater than 10h −1 Mpc), galaxies are simple tracers of the underlying matter density field and so the correlation function (or its Fourier equivalent, the power spectrum) can be used to probe the nature of matter fluctuations, and thus yield constraints on cosmological parameters (e.g., Tegmark et al. 2004b,a) . At a scale of ∼ 100h −1 Mpc, the Baryon Acoustic Oscillation (BAO) feature in the correlation function also provides strong cosmological constraints (e.g., Eisenstein et al. 2005) .
On scales smaller than ∼ 10h −1 Mpc, the galaxy correlation function encodes information about the detailed relationship between the spatial distribution of galaxies and the underlying dark matter, which is substantially more complex than on large scales. Adopting the assumption that all galaxies live within dark matter halos, the halo model provides a useful roadmap for interpreting galaxy clustering on these scales. In the halo model framework, the clustering of galaxies can be calculated from statistical properties of halos, such as their abundance, clustering and internal structure, combined with parameterized relations that describe how galaxies occupy halos. This latter part is refered to as the Halo Occupation Distribution (HOD) and it typically specifies the number of galaxies as a function of halo mass, together with an assumption for the their spatial distribution within halos (e.g., Peacock & Smith 2000; Scoccimarro et al. 2001; Berlind & Weinberg 2002; Cooray & Sheth 2002; Berlind et al. 2003; Kravtsov et al. 2004; Zheng et al. 2005) . Several studies have used the measured galaxy correlation function on scales of ∼ 0.1 − 10h −1 Mpc to constrain the HOD and thus illuminate the nature of the connection between galaxies and dark matter (e.g., Zehavi et al. 2005b Zehavi et al. , 2011 Zheng et al. 2007; Guo et al. 2014 , and references therein).
On very small scales, well within 0.5h −1 Mpc, the typical size of halos that host bright galaxy pairs, the shape of the correlation function is primarily dictated by the spatial distribution of galaxies in each halo (e.g., Berlind & Weinberg 2002; Zehavi et al. 2005b) . Most studies adopt a simple model whereby the first "central" galaxy in each halo lives at the halo center, and subsequent "satellite" galaxies trace the density distribution of the dark matter. Specifically, satellite galaxies are usually assumed to follow a Navarro-Frenk-White (NFW; Navarro et al. 1997) profile, which does a good job of describing the density profiles of halos in pure dark matter N-body simulations. This assumption is theoretically motivated (e.g., Berlind et al. 2003) and it works well in explaining the observed shape of the correlation function on small scales.
The first evidence from galaxy clustering that satellite galaxies might not actually trace mass within halos came from Masjedi et al. (2006) who pushed the measurement of the galaxy correlation function down to scales of 10h −1 kpc. Using a sample of Luminous Red Galaxies (LRGs; Eisenstein et al. 2001) selected from the Sloan Digital Sky Suvey (SDSS; York et al. 2000) , Masjedi et al. (2006) found that the correlation function of LRGs at the smallest scales ( 30h −1 kpc) was under-predicted by the Zehavi et al. (2005a) HOD model that had successfully fit the clustering of the same galaxies at larger scales. Specifically, the HOD model predicted a r −1 slope for the correlation function at the smallest scales (which comes from the inner slope of the NFW profile), whereas Masjedi et al. (2006) found a much steeper r −2 slope. Watson et al. (2010) explored this discrepancy in detail by fitting the Masjedi et al. (2006) correlation function measurements with a HOD model that relaxed the assumption that satellite galaxies follow a NFW profile. Instead, they adopted a more flexible profile where the inner slope was allowed to vary. Watson et al. (2010) were able to obtain a good fit to the LRG clustering for a satellite galaxy profile with an r −2 inner slope while ruling out the NFW profile at high significance. Watson et al. (2012) extended this work to a wider range of galaxy luminosities. They fit their flexible HOD model to measurements of the projected correlation function, w p (r p ), in several SDSS luminosity samples, ranging from absolute r-band magnitude of -18 on the faint end, to LRGs on the bright end. These measurements were made by Jiang et al. (2012) using the same methods as Masjedi et al. (2006) for pushing to very small scales. Watson et al. (2012) found a clear luminosity trend whereby the clustering of galaxy samples with M r < -20 and brighter demanded steeper density profiles for satellite galaxies than NFW, whereas lower luminosity samples were consistent with NFW satellite profiles. Guo et al. (2014) adopted the same flexible density profile when modeling the clustering of galaxies in the SDSS III (Eisenstein et al. 2011 ) Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et al. 2013) , and also found a significant departure from NFW, albeit only for the reddest galaxies in that survey. Unfortunately, it is difficult to directly compare these results with those of Watson et al. (2012) because of the substantially different sample selections. Using a different technique that does not involve correlation functions, Tal et al. (2012) found that satellite galaxies around LRGs deviate from NFW at very small scales, in agreement with Watson et al. (2010) . On the other hand, Guo et al. (2012b) used a similar technique to find that satellite galaxies have density profiles that are consistent with NFW.
Measurements of the galaxy correlation function on such small scales suffer from two potentially severe systematic errors. First, two bright galaxies that are only separated by ∼ 10 − 30h −1 kpc are likely in the process of merging and will have overlapping light profiles. It can be difficult to accurately de-blend the observed light into two separate components and a sufficiently large error in the assigned magnitude of either galaxy can cause the pair to either enter or drop out of a luminosity selected sample. Second, in surveys that use fiber-fed multi-object spectrographs, it is not possible to obtain spectra of both galaxies that are separated by less than the physical diameter of the fibers. In the SDSS, these "fiber collisions" enter at an angular scale of 55 (Blanton et al. 2003a) . At the typical redshifts of SDSS galaxies, this corresponds to a much larger physical scale than 30h −1 kpc. About a third of these collided galaxy pairs are recovered in the SDSS because part of the survey footprint is observed ("tiled") more than once. However, the spatial distribution of this overlap region is very complex. Incompleteness due to fiber collisions affects the correlation function the most on the smallest scales, but the 55 angular scale translates into many different length scales in real and projected space, so even large scales are affected. Various methods have been used to correct for fiber collisions. The simplest method is to assign collided galaxies the redshifts of their nearest neighbors. This works well on large scales, but not small scales. Masjedi et al. (2006) and Jiang et al. (2012) used an estimator for w p (r p ) that corrects for fiber collision incompleteness statistically. Guo et al. (2014) used a different method that essentially only considers galaxy pairs in overlap regions (Guo et al. 2012a) . It is important to correctly account for these systematic effects before drawing any conclusions about the inner density profile of satellite galaxies.
It should not necessarily come as a surprise that satellite galaxies may not be perfect tracers of dark matter. The spatial distribution of satellite galaxies can be affected both by dynamical mechanisms, such as dynamical friction and tidal stripping of stars due to the host halo potential, and by baryonic processes, such as quenching of satellite star formation. A detection of a departure from the dark matter profile in the satellite density profile can thus serve as a probe of these processes. Theoretical predictions of the satellite galaxy density profile at such small scales are difficult to make because it is challenging to resolve massive distinct satellite halos (i.e., subhalos) so close to the center of a larger host halo. Nevertheless, both pure N-body and hydrodynamic simulations are now achieving the resolutions and volumes necessary to compare with SDSS data (e.g., Pujol et al. 2014; Genel et al. 2014) .
In this paper, we test the validity of the Watson et al. (2012) results using the same galaxy selection, but an entirely different methodology. First, we measure the angular correlation function ω(θ), instead of the projected function w p (r p ). In general, ω(θ) is a powerful tool for two-dimensional galaxy surveys (see Crocce et al. 2011 and references therein). It has been employed to measure the galaxy clustering in the early data release of the SDSS (Connolly et al. 2002; Scranton et al. 2002; Infante et al. 2002; Budavári et al. 2003) , as well many other galaxy surveys (e.g., Groth & Peebles 1977; McCracken et al. 2001; Maller et al. 2005) . The angular function is less sensitive to fiber collisions because the fiber incompleteness enters at a fixed scale and thus does not contaminate larger scales. Moreover, we restrict our samples to survey overlap regions, which reduces the effects of fiber collisions even more. Second, we improve on the HOD modeling by switching to an accurate and fully numerical way of computing clustering predictions, instead of the quick and approximate analytic method we used in Watson et al. (2012) .
The description of our data samples appears in §2. The ω(θ) measurements, along with power-law fits, are described in §3. The description of our modified density profile HOD model is in §4, with results of the model fits presented in §4.6. In §5 we summarize our results and discuss their implications. Throughout this paper, we assume a standard ΛCDM cosmology in concordance with the best fit WMAP7 parameters.
DATA SAMPLE
Measuring angular correlations does not usually require galaxies with measured redshifts. However, we wish to constrain the density profile of satellite galaxies within their halos for different luminosity samples so that we can test the Watson et al. (2012) results. We therefore need volume-limited samples built from a spectroscopic sample. We use data from the SDSS Data Release 7 (DR7; Abazajian et al. 2009 ). Specifically, we use the large-scale structure samples from the NYU Value Added Galaxy Catalog (NYU-VAGC; Blanton et al. 2005) , that were built from the SDSS main galaxy sample (Strauss et al. 2002) . The main spectroscopic galaxy sample is approximately complete down to an apparent r-band Petrosian magnitude limit of < 17.77. However, we have cut our sample back to r < 17.6 so that it is complete down to that magnitude limit across the sky. Galaxy absolute magnitudes are k-corrected (Blanton et al. 2003b) to rest-frame magnitudes at redshift z = 0.1.
We construct four volume-limited samples that are complete down to absolute r-band magnitude limits of -18, -19, -20, and -21 . When constructing the volumelimited samples, we adopt corrections for passive luminosity evolution (Blanton 2006) , which results in slightly evolving absolute magnitude limits as a function of redshift (the magnitude limits listed above apply at z = 0.1). The four volume-limited galaxy samples are shown in Figure 1 and their redshift limits and sizes are summarized in Table 1 .
The galaxy redshift sample has an incompleteness due Note. -The table shows the absolute magnitude and redshift limits of each sample, the number of galaxies, the physical scale of fiber collisions at the median redshift of the sample, and the best-fit slope and χ 2 from fitting a power law to the angular correlation function.
to the mechanical restriction that spectroscopic fibers cannot be placed closer to each other than their own thickness. This fiber collision constraint makes it impossible to obtain redshifts for both galaxies in pairs that are closer than 55 on the sky. In the case of a conflict, the target selection algorithm randomly chooses which galaxy gets a fiber (Strauss et al. 2002) . Spectroscopic plate overlaps alleviate this problem to some extent, but fiber collisions still account for a ∼ 6% incompleteness in the main galaxy sample. On the very small scales that we are considering in this paper, fiber collision incompleteness is severe. The 55 angular scale translates to physical scales of 25 − 90h −1 kpc at the median depths of our four samples, which is right in the interesting region we wish to study.
A commonly used correction for fiber collisions in galaxy clustering studies is to assign fiber collided galaxies the redshift of the galaxy they collided with (i.e., the "nearest neighbor correction"; Zehavi et al. 2002) . This correction recovers the true correlation function on large scales, but it performs poorly on small scales. Masjedi et al. (2006) and Jiang et al. (2012) addressed this problem by proposing a new estimator for the projected correlation function. Instead of computing an autocorrelation function of spectroscopic galaxies, they computed a cross-correlation between spectroscopic galaxies and all spectroscopic targets from the imaging survey. For each pair, the imaging galaxy was placed at the same redshift as the spectroscopic galaxy. This procedure recovers all the fiber collided pairs, but it also includes an artificial signal from pairs that are actually uncorrelated. The uncorrelated pairs are then statistically removed from the correlation function using a random catalog. In this paper, we adopt a different approach. We apply the nearest neighbor correction to recover collided galaxies without redshifts, we construct our samples, and then we measure the angular correlation function of galaxies, ω(θ). The angular function is significantly less sensitive to errors in the assigned redshifts than the projected function w p (r p ) because the angular scale θ is not affected by these errors, whereas the physical scale r p is. Errors in the nearest neighbor correction only affect ω(θ) if they cause galaxies to enter or drop out of the volume-limited sample. For most collision pairs, the nearest neighbor correction does not result in the gain or loss of the pair in the sample. This only happens in special cases. For example, when a collision pair straddles the outer red- -The footprint on the sky (Hammer projection) of the SDSS 'overlap' sample that we use in this paper. The sample consists only of regions that were spectroscopically observed more than once. The area of this footprint is roughly one fourth of the full SDSS DR7 footprint.
shift limit of a particular volume-limited sample, if the more distant galaxy of the pair did not get a redshift due to the collision, the nearest neighbor correction will bring it into the sample and thus result in a new small-scale pair contributing to ω(θ).
The SDSS DR7 sample covers an area on the sky of approximately 8000 square degrees. However, to minimize the errors due to fiber collisions discussed above, we restrict the sample to regions on the sky that have been spectroscopically observed more than once (the so called "plate overlap" regions) as part of the tiling process (Blanton et al. 2003a ). In these regions, which cover about 40% of the full SDSS footprint, the vast majority of collided galaxies have been recovered. However, we note that a region that has been tiled twice can only recover close pairs of galaxies. In order to measure the redshifts of close triplets, a region would have to be tiled thrice. This continues on to higher groups, which represent a small number of the collision groups, but a nonnegligible fraction of pairs. The total area of our sample is 3300 square degrees and we refer to it as the 'overlap' sample throughout this paper. We show the sample footprint in Figure 2 .
ANGULAR CORRELATION FUNCTION

Measuring ω(θ)
We measure ω(θ) using the Landy & Szalay (1993) estimator
where DD, DR and RR are the correctly normalized number of data-data, data-random and random-random pairs in each bin of angular separation θ. We construct a random sample that has the same overlap geometry as the data sample and a size such that the amount of shot noise in the inner bins is not dominated by RR or DR.
In order to estimate errors and measure the covariance matrix, we separate the footprint into 100 jackknife samples that represent approximately equal area sections on the sky. For each jackknife sample k, we measure the angular correlation function ω k (θ). The covariance matrix can then be computed as
where C ij is the covariance between angular bins i and j, andω i is the mean of correlation function measurements in angular bin i computed from the N jackknife samples. We will use the full covariance matrix to fit models to our measurements since neighboring data points in the angular correlation function are highly correlated (Connolly et al. 2002) . The measurement of ω(θ) is done using STOMP, a C++ library platform for doing fast spatial statistics on arbitrary spherical geometries using 10s of millions of points 1 . The 100 jackknife samples of equal area on the sky are made using the STOMP libraries. Figure 3 presents our measurements of the angular correlation function ω(θ), for the four volume-limited samples described in §2 in the range 7 < θ < 320 . We choose this range of scales because on smaller scales photometric deblending effects are expected to be severe, while larger scales no longer probe the clustering of galaxies within a single dark matter halo. Masjedi et al. (2006) quantified the effects of photometric deblending on the correlation function for LRGs by adding artificial galaxy pairs into the raw SDSS images and studying how well the photometric pipeline recovered the light of each galaxy. They found that the clustering of LRGs is significantly overestimated on scales less than 20h −1 kpc due to deblending errors, while larger scales are mostly unaffected. Since the physical sizes of galaxies decrease rapidly with decreasing luminosity, Jiang et al. (2012) Fig. 3.-The angular correlation function of SDSS galaxies in four volume-limited samples, along with their power-law fits. Each panel shows results for a specific volume-limited sample, as described in §2. Points show the measurements, and error bars are estimated from jackknife resampling of the data on the sky. The bottom axis of each panel shows the angular scale in units of arcsec and the top axis shows the corresponding physical scale at the median redshift of each sample. The gray band shows a selection of power law models that are randomly drawn from the best-fitting 68% of models in the MCMC chain. The best-fit value of the slope and the goodness of fit are listed in each panel.
Data Results
calculated that it is safe to ignore photometric deblending effects for the lower luminosity samples and scales we consider here. The physical scales corresponding to these angular scales for the median redshift of each sample are shown at the top axis of each panel in Figure 3 . For example, in the case of the M r < -20 sample, the physical range covered by our measurements is approximately 10h −1 kpc < r < 300h −1 kpc, which is mainly probing the spatial distribution within halos.
The points in Figure 3 show the ω(θ) measurements and the error bars are estimated from jackknife resampling, as described in §3.1 (they are the diagonal values of the covariance matrix). The M r < -18 sample is significantly noisier than the other three because it is the smallest of our galaxy samples (see Table 1 ). The amplitude of ω(θ) is highest for the least luminous sample and drops progressively with luminosity. This is simply due to the fact that more luminous samples extend further in redshift, resulting in more uncorrelated galaxy pairs in each angular bin that dilute the clustering signal. All four correlation functions look approximately like power laws by eye and the most luminous sample appears to have a somewhat steeper correlation function than that of the lower luminosity samples. We quantify this next by fitting a power law model to our measurements.
Power Law Fitting
Galaxy correlation functions are approximately shaped like power laws and so the power law model is often used to quantify their shape and amplitude. However, the near power-law shape of the galaxy correlation function is largely a coincidence (Watson et al. 2011) , and it has been shown that the correlation function is not well described by a power law in a statistical sense, especially at the scales corresponding to the size of the typical dark matter halos that contain bright galaxies (Zehavi et al. 2004) . Power law models are thus not accurate models and they do not directly yield a physical understanding of galaxy clustering. However, they are useful as a descriptive tool for quantifying the overall slope of the correlation function and for comparing the slopes of different galaxy samples. The inner slope of the density profile of satellite galaxies in halos directly affects the slope of the 3D correlation function on small scales, which in turn directly affects the slope of the angular correlation function. A steeper density profile for satellite galaxies should translate into a steeper ω(θ) (e.g. Peebles 1980; Efstathiou et al. 1991; Watson et al. 2010 ).
Fig. 4.-Probability density functions of slope for the powerlaw fits to the angular correlation functions of our four luminosity samples. The clustering of the most luminous galaxies exhibits a significantly steeper slope than that of the less luminous galaxies.
We fit a power law model to our ω(θ) measurements using the MCMC code emcee (Foreman-Mackey et al. 2013), which we describe in more detail in §4.3. We calculate the χ 2 value for each model parameter combination using
where ω i and ω model,i are the data and model correlation function in bin i, and C −1 ij is the inverse of the jackknife covariance matrix from Equation 2. Figure 3 shows a random sampling of power laws drawn from the best-fitting 68% of models in the MCMC chains. We list the best-fit values and 68% confidence intervals of power-law slopes for all four samples in Table 1 , as well as the corresponding values of χ 2 per degrees of freedom. Finally, in Figure 4 , we show the posterior probability density function of slope for each luminosity sample, as given from the MCMC chains. The best-fit χ 2 values indicate that a power law functional form provides a good statistical description of the shape of ω(θ) for all four luminosity samples (the M r < -18 sample has a p-value of 0.12). Furthermore, the fit results show that the most luminous galaxy sample, M r < -21, has a significantly steeper power-law slope than the less luminous samples, while there is no trend in the steepness of the slope for the lower luminosity samples. This result seems to confirm the results of Watson et al. (2012) , who found that only luminous galaxies had steep satellite density profiles. In the next section we fit our clustering measurements with a halo model in order to directly probe what constraints we can place on the distribution of satellite galaxies within halos.
HALO MODELING
Most previous studies fitting halo models to clustering measurements, including Watson et al. (2010 Watson et al. ( , 2012 , have used an analytic framework to compute the correlation Note. -For each LasDamas simulation, the table lists the absolute magnitude limit for the galaxy sample modeled, the simulation box size, the number of particles, the particle mass, and the force softening scale. Ten realizations of each box were used in the analysis.
function. This framework requires analytic approximations for the halo mass function, the large scale bias of halos, and the halo density profile and it combines them together with a parameterized HOD to predict the distribution of galaxy pairs. Analytic halo models are fast and reasonably accurate; however, one should be cautious before trusting them at better than the ∼ 10 − 20% level. In this paper, we adopt a fully numerical procedure that eliminates most of the systematic errors that are present in analytic models. We populate dark matter halos in cosmological N-body simulations with galaxies according to our adopted HOD, we then construct mock galaxy samples with similar selection as our SDSS samples, and we measure ω(θ) from the mocks in the same way as we do from the SDSS data. A few recent studies have used similar numerical modeling to fit galaxy clustering measurements (White et al. 2011; Parejko et al. 2013; Reid et al. 2014 ). 2 . LasDamas consists of many realizations of dark matter N-body simulations for a few different box size formats. The goal of the project is to create a large number of realistic mock galaxy catalogs for several luminosity samples in the SDSS in order to assist in the modeling of galaxy clustering measurements. For each luminosity sample that we model, we use a set of LasDamas simulations with appropriate box size and mass resolution, which are listed in Table 2 . All the simulations adopt a ΛCDM cosmological model with parameter values that are consistent with WMAP5 (Dunkley et al. 2009 ). The particle distributions were evolved using the code GADGET-2 (Springel 2005) . Halos were identified from the dark matter distributions using a friends-offriends (FoF) algorithm with a linking length of 0.2 times the mean inter-particle separation. We use halo catalogues from ten independent realizations (seeded with the same primordial power spectrum, but different random phases) when we model our clustering measurements in order to address cosmic variance errors in our analysis. We discuss this further in §4.5.
HOD Formalism
We use the halo occupation distribution (HOD; e.g., Berlind & Weinberg 2002) framework to create mock galaxy distributions from the dark matter halo catalogues. The HOD completely describes the bias between galaxies and dark matter by specifying the number and spatial positions of galaxies within halos. We first parameterize the probability distribution P (N |M ) that a dark matter halo of mass M contains N galaxies. We adopt the specific formalism introduced by Zheng et al. (2007) , which separates central and satellite galaxies as motivated by theoretical results (Kravtsov et al. 2004; Zheng et al. 2005) . The average number of central galaxies as a function of halo mass is essentially a smooth step function that rises from zero to one,
where M min is the mass below which halos do not contain a central galaxy, and σ log M controls the smoothness of the cutoff. The form of this function comes from the assumption that the scatter in the halo mass vs. galaxy luminosity relation has a lognormal form. The average number of satellite galaxies as a function of halo mass is essentially a power law with the same cutoff applied,
where M 0 is the halo mass below which there are no satellite galaxies, M 1 is the halo mass that contains, on average, a single satellite galaxy, and α is the slope of the power law relation. Once we have specified the mean number of centrals in a halo using Equation 4, we place an actual central galaxy in that halo using a probability equal to N cen (e.g., if N cen = 0.7, we give the halo a 70% chance of actually containing a central galaxy). Likewise, once we have specified the mean number of satellites in a halo using Equation 5, we draw an actual number of satellites for that halo from a Poisson distribution.
Spatial Distribution of Galaxies Within Halos
Once we know how many galaxies a halo receives we have to decide where to put them. We place each central galaxy at the deepest location of its halo's gravitational potential well, which we calculate from the dark matter particles in the halo. For satellite galaxies, we adopt the methodology of Watson et al. (2010) and introduce a Generalized Navarro-Frenk-White (GNFW) density profile
where the slope of the profile transitions from -γ in the inner regions of the halo to -3 in the outer regions. As with a NFW profile, the transition scale depends on the concentration, but we allow the concentration of satellite galaxies to differ from that of dark matter through the parameter f gal c gal = f gal × c DM .
For the dark matter concentration we adopt the modified -Angular correlation function for SDSS galaxies with Mr < -20 compared to a model where satellite galaxies within dark matter halos follow a NFW density profile. Points show ω(θ) for SDSS galaxies (also shown in Fig. 3 ). Curves show measurement from several independent mock galaxy catalogs that are constructed by populating dark matter halos in N-body simulations with galaxies. Each sufficiently massive halo gets a central galaxy that is placed at the halo center, while any additional satellite galaxies are distributed according to an NFW density profile. The bottom axis shows the angular scale in units of arcsec and the top axis shows the corresponding physical scale at the median redshift of the Mr < -20 sample. The vertical dotted line shows the 55 fiber collision scale.
The GNFW profile thus has two free parameters, γ, and f gal , and we draw random radii from this profile to determine the positions of satellite galaxies within each halo. Note that values of γ = f gal = 1 recover an NFW profile. Models of this type have been used to model the inner slope of the dark matter density profile (e.g., Fukushige et al. 2004; Reed et al. 2005) .
Before exploring the parameter space of our flexible GNFW model, we briefly investigate whether the NFW model can reproduce our ω(θ) measurements. We construct mock catalogs for the M r < -20 SDSS sample using halo catalogs from the Esmeralda simulations, as detailed above. For this test we adopt values for the HOD parameters outlined in §4.2 that have been found to yield a projected correlation function w p (r p ) that agrees with M r < -20 SDSS galaxies on scales larger than 100h −1 kpc (McBride, private communication). We then adopt γ = f gal = 1 for our satellite profile, which corresponds to a NFW profile. Figure 5 shows ω(θ) for several independent mock catalogs compared to our SDSS measurements. The NFW mock catalogs go from faithfully reproducing the clustering at high angular separations to under-predicting the observed clustering on the very small scales. We therefore see the same tension as Masjedi et al. (2006) and this further motivates us to explore alternative density profiles for satellite galaxies.
Computing ω(θ)
Once we have populated a N-body simulation with galaxies as outlined above, we place the observer at the center of the box, compute spherical coordinates, and throw out galaxies that lie outside the redshift limits of the sample we are trying to model. We do not include redshift space distortions in our analysis since they do not affect the angular clustering. Each resulting mock catalog covers the full celestial sphere and thus contains about 12 times more volume than the corresponding SDSS sample. This guarantees that the cosmic variance and shot noise in the mock catalog are much lower than in the SDSS and will therefore not significantly degrade the precision of our results.
We compute ω(θ) using the natural estimator,
We choose this estimator because it does not include a DR term, which is computationally much more expensive than DD since the random catalog is much larger than the data catalog. The RR term only needs to be computed once so when we perform our model parameter search we only have to compute DD for each set of model parameter values. This estimator is different from the one shown in Equation 1 ; however, on small scales and for a full sky geometry, these estimators yield indistinguishable results (Kerscher et al. 2000) .
Model Fitting
We are most interested in constraining the inner slope of the satellite galaxy density profile, which is described by the γ parameter. Even though this parameter plays a primary role in setting the shape of the correlation function on the small scales we are examining, it is not easy to disentangle its effect on ω(θ) from that of the other HOD parameters. We therefore allow all the following parameters to be free during our parameter search:
1. σ log M : Amount of scatter in the luminosity-mass relation for central galaxies.
2. M 0 : Mass below which halos contain no satellite galaxies.
3. M 1 : Mass at which halos contain on average one satellite galaxy.
4. α: Slope of the power-law relation between the mean number of satellite galaxies and halo mass.
γ:
Inner slope of the number density profile for satellite galaxies within their halo.
6. f gal : Concentration of satellite galaxies with respect to the dark matter concentration.
For each combination of the above six free parameters, we set M min , the minimum mass for halos to contain a central galaxy, to the value that recovers a total galaxy number density equal to that observed by the SDSS. We perform a parameter search using the MCMC emcee code and algorithm described by Foreman-Mackey et al. (2013) . The algorithm is based on the affine invariant sampling algorithm proposed by Goodman & Weare (2010) . It is fast, efficient, and easily parallelized. We use 500 "walkers" to explore the parameter space in parallel. The basic procedure we follow each time we test a new location in our six dimensional parameter space is as follows. We first select a random halo catalog from among ten independent N-body realizations. This builds cosmic variance errors in our theoretical calculations directly into the modeling. We then use the halo catalog to determine the value of M min required to create a galaxy catalog with the observed mean number density. For each halo in the catalog, we use Equation 4 to determine whether the halo contains a central galaxy, and Equation 5 together with a Poisson distribution to choose the number of satellite galaxies. We then randomly draw satellite positions from the density profile shown in Equations 6 and 7. We make an all-sky galaxy mock catalog and compute ω(θ) as described in §4.4. Finally, we estimate χ 2 for the parameter combination using the jackknife covariance matrix described in §3.1. All six of our free parameters are given physically motived flat priors. In particular, the satellite profile parameters γ and f gal are allowed to vary over a broad range that includes the NFW profile. For all four luminosity samples, we find that we need approximately one million parameter combinations in order to get MCMC chains that converge. Figure 6 shows the resulting ω(θ) of our halo modeling in each luminosity bin. SDSS measurements and the overall figure layout are the same as in Figure 3 , while the gray lines show a random sampling of halo model correlation functions drawn from the best-fitting 68% of models in the MCMC chains. The lines thus illustrate the spread in ω(θ) for models that are consistent with the SDSS data. Each panel shows the value of γ associated with the best-fit model, as well as that model's χ 2 /dof. With 16 angular bins and 6 free parameters, the number of degrees of freedom is equal to 10. Our halo model produces good fits to the angular clustering of all four luminosity samples. There is a slight tension in the case of the M r < -19 sample, but the difference between the model and the SDSS data is not statistically significant (the p-value for this sample is 0.094). We list the χ 2 /dof values for all four samples in Table 3 .
Halo Modeling Results
The main focus of this analysis is the inner slope γ of the satellite galaxy density profile within halos. Figure 7 shows the marginal distribution of γ values from the MCMC chains as a function of galaxy luminosity. Specifically, the middle line in each box shows the median value of γ, the shaded box shows the 68% confidence interval, and the whiskers show the 95% confidence interval for γ. The two most luminous samples, M r < -20 and -21, both prefer fairly steep density profiles and are inconsistent with the NFW profile at approximately the 2σ level. Specifically, the fraction of points in the MCMC chain that have γ > 1 is 97% and 96% for the M r < -21 and -20 samples, respectively. The less luminous M r < -19 sample prefers less steep profiles and is perfectly consistent with NFW. The lowest luminosity M r < -18 sample seems to favor steep profiles, but it has a broad γ distribution and is not significantly inconsistent with NFW. The poor constraints for the least luminous sample are due to the small size of this galaxy sample. Figure 7 sug- Fig. 3 . The gray lines show a selection of model correlation functions that are randomly drawn from the best-fitting 68% of halo models in the MCMC chains. The best-fit value of the satellite galaxy density profile inner slope γ, and the goodness of fit are listed in each panel. Note.
-The median halo model parameter values, along with the middle 68% interval, as measured from the MCMC chains. Also shown are the best-fit value of χ 2 , as well as P/PNFW, the ratio of probability between the median value of γ and γ = 1.
gests a luminosity trend, where luminous satellite galaxies have steeper density profiles than lower luminosity galaxies; however, this trend is not very significant. The constraints on γ are consistent with those from Watson et al. (2012) , but are somewhat weaker in this paper because we reduce our sample size by only considering galaxies in plate overlap regions. We list the median and 68% confidence intervals for all four samples in Table 3 . We note that a cursory examination of Figure 5 may lead to the impression that the NFW model is ruled out at higher significance than 2σ. However the models shown in Figure 5 were fit to w p (r p ) on larger scales, not ω(θ) on very small scales. Moreover, it is very misleading to perform "χ by eye" because neighboring bins in ω(θ) are extremely correlated with each other, especially at the smallest scales.
We now quantify the extent to which the γ values preferred by our clustering measurements are more likely -Luminosity dependence of the satellite galaxy density profile inner slope. Each box and associated whiskers corresponds to a particular luminosity sample, as shown on the x-axis. The middle line in each box shows the median value of γ from the MCMC chain, the vertical range of the box shows the middle 68% of γ values, and the whiskers extend to the middle 95% of values. For the two high luminosity samples, a value of γ = 1, corresponding to the NFW density profile, is inconsistent with the SDSS data at approximately the 2σ level. Lower luminosity galaxies do not show this tension.
than the γ = 1 NFW case. We calculate the number of accepted parameter combinations in the MCMC chain that have values of γ in a bin of width ±0.1 that is centered around the median value of γ. We then do the same for a bin centered around γ = 1 and take the ratio of these two numbers, which we call P /PNFW. This yields the relative likelihood of the two γ values given the measured correlation function. We find that the steep slopes measured for the M r < -20 and -21 samples are 6.3 and 9.3 times more likely than γ = 1, while the slopes measured for the less luminous samples are only 3.1 and 1.2 times more likely than γ = 1. We list these values in Table 3 . Figure 8 shows the final probability distributions of the HOD parameters that determine the number of galaxies as a function of halo mass. The parameter controlling the shape of the low mass cutoff for central galaxies σ log M is poorly constrained by the angular correlation function on the small scales we consider in this study. This is due to the fact that on these scales most galaxy pairs come from within a single halo and so the low mass regime where a halo either has zero or one galaxy is not very important. The distributions of σ log M are bound by values of 0 and 1 as this was the prior that we adopted for this parameter. The parameter M 0 is also very poorly constrained because it cuts off the satellite occupation number on a sufficiently small mass scale where the expected number of satellites is already much less than one. This result is consistent with other studies (e.g., Zehavi et al. 2011) . The lower bound for M 0 at 10 8 M is once again due to the prior we adopted for this parameter. Though these priors are physically motivated, we have checked that relaxing them does not significantly change our conclusions about the slope γ. The two parameters that control the number of satellites a halo receives, α and M 1 , are much better constrained. More luminous samples have a higher mass M 1 at which they typically contain a satellite and they have a steeper relation between the number of satellites and halo mass. These trends are consistent with Zehavi et al. (2011) though the values we find are somewhat higher for both M 1 and α. This could be due to the different information content of ω(θ) compared to w p (r p ), or it could be due the difference between our numerical modeling compared to the analytic halo model used in Zehavi et al. (2011) , or it could be due to the extra freedom we have added to the HOD model by using a GNFW profile. We note that for the purpose of this paper we are mainly interested in the γ parameter and these parameters therefore act as nuisance parameters. We list the median and 68% confidence intervals for all model parameters in Table 3 . We also note that the galaxy concentration parameter f gal is very poorly constrained.
Power Law vs. Halo Model
Both the power-law fits and the halo model have suggested that luminous satellite galaxies have a steeper density profile than lower luminosity galaxies. However, the two analyses also show some differences. In the case of the power law slope, M r < -21 galaxies have a steeper ω(θ) than less luminous samples and this difference is highly significant. On the other hand, when using the halo model, M r < -20 galaxies have consistent values of γ with M r < -21 galaxies and discrepancies with less luminous galaxies are less significant. We now take a closer look at these results to determine if they are consistent with each other.
We first make a naive comparison between the power law slope and the value of γ. If we assume that the galaxy correlation function ξ(r) is dominated by centralsatellite pairs in halos of mass ∼ M 1 that only have a single satellite galaxy, then its slope should essentially be the same as the slope of the satellite galaxy density profile within these halos. This is not a bad assumption since more massive halos that contain more than one satellite galaxy are relatively rare. Therefore, the slope of ξ(r) should be equal to -γ. If we further assume that ξ(r) is a perfect power law, then the angular correlation function ω(θ) should also be a power law with a slope that is shallower by +1 (Totsuji & Kihara 1969) . Therefore, the slope of ω(θ) should be 1 − γ, or conversely, γ should be 1 − slope. Using this simple transformation, we can check whether the power law slopes that we found in §3.3 are consistent with the γ distributions shown in Figure 7 . The values of γ inferred from the power law slopes of ω(θ) are 1.7, 1.77, 1.76, and 1.92 for the M r < -18, -19, -20, and -21 samples, respectively. These values are perfectly consistent with the broad distributions shown in Figure 7 . We next perform a more sophisticated test to assess the relationship between the slope of the power law model and γ. We fit a power law to measurements of ω(θ) made from mock galaxy catalogues produced using the best-fit HOD model. We then compare the recovered power law slopes and compare them to the input values of γ. We find that for three out of four samples, slope ∼ 1 − γ, as expected. For the M r < -19 sample, the power-law slope is somewhat steeper than 1 − γ. We conclude from these explorations that our results from fitting power laws and halo models are consistent with each other, and that constraints on γ are weaker than on the power law slope due to marginalization over all the other HOD parameters.
SUMMARY & DISCUSSION
The goal of this paper is to probe the radial number density profile of satellite galaxies within dark matter halos using SDSS clustering measurements. We wish to test the results of Watson et al. (2012) , who found that luminous satellite galaxies (SDSS, M r < -20) have significantly steeper density profiles than the NFW profile on scales smaller than 40h −1 kpc. Unfortunately, clustering measurements on these scales are strongly affected by fiber collision incompleteness, making it important to verify this result with different measurements and modeling methodology. We used the angular correlation function ω(θ) as our clustering statistic of choice because it is fairly insensitive to fiber collision errors. Moreover, we restricted our measurements to plate overlap regions on the sky, where most fiber collided galaxy pairs are recovered because of repeat observations. We measured ω(θ) on four volume-limited samples with absolute r-band limits of M r < -18, -19, -20, and -21, on scales in the range 7 − 320 . These angular scales correspond to physical scales that are within the virial radii of dark matter halos expected to host these galaxies, even at the far redshift of each sample. Our measurements thus directly probe the spatial distribution of galaxy pairs within halos.
Motivated by the approximately power-law shape of our correlation function measurements, we first fit a power law function to ω(θ) in order to quantify its slope. We found that the most luminous galaxies (M r < -21) have a significantly steeper correlation function than the lower luminosity samples. We then used the more physically motivated halo model to determine what constraints our ω(θ) measurements place on the density distribution of satellite galaxies within halos. We used a fully numerical modeling procedure that populates dark matter halos in N-body simulations with galaxies, creates mock SDSS samples, and computes ω(θ) the same way as it is done in the real galaxy data. This method is computationally expensive, but it minimizes systematic errors in the modeling. The key ingredient in our halo model is a generalized density profile for satellite galaxies, whose inner slope is a free parameter. After marginalizing over other parameters in our halo model, we found that the two more luminous galaxy samples (M r < -20 and -21) prefer a satellite density profile that is substantially steeper than the NFW profile. The NFW profile is discrepant at the 2σ level for these galaxy samples. We found that the lower luminosity samples do not constrain the satellite inner profile slope as well and they are consistent with NFW.
Our results are qualitatively consistent with those of Watson et al. (2012) who also found that satellite galaxies more luminous than M r < -20 have steeper density profiles than NFW. Our results are also quantitatively consistent, as our marginal distributions of the inner profile slope overlap nicely. The main differences between our two studies are that (1) Watson et al. (2012) found somewhat shallower inner profiles than we did for the least luminous (M r < -18) galaxies, and (2) their constraints on the inner profile slope of the most luminous galaxies are tighter than ours. These differences allowed them to detect a significant luminosity trend in the spatial distribution of satellite galaxies, while we cannot do the same with confidence. The loss of statistical significance in our study is mainly due to the lower information content of ω(θ) compared to w p (r p ), as well as to the fact that we reduce our sample size by only considering galaxies in plate overlap regions. However, our constraints are less likely to be affected by fiber collisions and systematic errors in the halo modeling. Overall, the agreement between the two studies despite the different measurement and modeling methods lends credibility to the main conclusion that the spatial distribution of luminous satellite galaxies is steeper than that of the underlying dark matter.
Before making claims about how well satellite galaxies trace the dark matter distribution, we need to consider whether the NFW model is itself an accurate representation of the density profile of dark matter. Though the NFW profile has been shown to provide an imperfect description of the structure of dark matter halos in collisionless N-body simulations (e.g., Navarro et al. 2004; Merritt et al. 2005; Gao et al. 2008; Navarro et al. 2010; Ludlow et al. 2013) , the departures shown by these studies are not large and the NFW model remains consistent with simulation results at the ∼ 10 − 20% level (Benson 2010) . However, it is far less safe an assumption that the density profiles of halos in collisionless simulations represent reality given that they completely ignore the effects of baryons. This is especially true for the very small scales we consider in this paper, since baryons dominate the mass budget at the centers of halos. Some theoretical studies argue that the condensation of baryons at the centers of halos should steepen the dark matter density profile (e.g., Gnedin et al. 2011) , while others argue the opposite (e.g., Del Popolo 2012). Observational studies using weak lensing measurements have found that the density profiles at of clusters are either consistent with or shallower than NFW (e.g., Mandelbaum et al. 2008; Newman et al. 2013) , though the measurements are noisy on the small scales we care about here.
It is not necessarily surprising that satellite galaxies do not trace the underlying mass distribution. Galaxies are extended massive objects and they should thus experience dynamical effects such as dynamical friction and tidal stripping of mass and stars, which do not affect dark matter particles. These mechanisms could act to steepen the density profile of satellites. Moreover, this could be a luminosity dependent process. To study these effects, it would be illuminating to compare our satellite profile results with the distribution of dark matter subhalos within host halos, since satellite galaxies presumably occupy these systems. However, this comparison will have to wait for simulations of sufficient volume and particle mass resolution to be able to accurately measure the distribution of massive subhalos at scales of only a few tens of kpc from the center of host halos. It would be even better to compare our results with predictions from hydrodynamic simulations that include baryonic processes such as gas cooling and feedback, which can affect the density profiles of halos. Our measurements can help to constrain these processes. Simulations that have both sufficient volume and resolution to make such predictions are now becoming possible. For example, the Illustris simulation has already enabled a prediction of the density profile of luminous satellite galaxies on small scales (Genel et al. 2014) . Though this result is a bit too noisy to be tested against our measurements, the next generation of simulations should be more than adequate for making this comparison.
